ABSTRACT: Coupling molecular excitons and localized surface plasmons in hybrid nanostructures leads to appealing, tunable optical properties. In this respect, the knowledge about the excitation dynamics of a quantum emitter close to a plasmonic nanoantenna is of importance from fundamental and practical points of view. We address here the effect of the excited electron tunneling from the emitter into a metallic nanoparticle(s) in the optical response. When close to a plasmonic nanoparticle, the excited state localized on a quantum emitter becomes short-lived because of the electronic coupling with metal conduction band states. We show that as a consequence, the characteristic features associated with the quantum emitter disappear from the optical absorption spectrum. Thus, for the hybrid nanostructure studied here and comprising quantum emitter in the narrow gap of a plasmonic dimer nanoantenna, the quantum tunneling might quench the plexcitonic states. Under certain conditions the optical response of the system approaches that of the individual plasmonic dimer. Excitation decay via resonant electron transfer can play an important role in many situations of interest such as in surface-enhanced spectroscopies, photovoltaics, catalysis, or quantum information, among others. KEYWORDS: Plexcitons, plasmon, exciton, quantum plasmonics, individual hybrid nanostructures B ringing together metallic nanostructures and quantum emitters, such as quantum dots and molecular complexes, offers unprecedented opportunities in controlling light on the nanoscale. Indeed, the tunability of the plasmonic response and of the near field enhancement in metal nanoparticle assemblies 1−5 allows to engineer the coupling between the excitonic resonance of a quantum emitter (QE) and the collective motion of the metallic electrons, i.e. the plasmons. During the past decade, the study of the interaction between light and these hybrid structures turned into an active field of research 6−25 owing to its fundamental interest and similarity with cavity quantum electrodynamics, 13, 19 and due to the vast range of possible applications such as sensing, 26 single photon emitters for information technology, 27,28 and active devices.
B
ringing together metallic nanostructures and quantum emitters, such as quantum dots and molecular complexes, offers unprecedented opportunities in controlling light on the nanoscale. Indeed, the tunability of the plasmonic response and of the near field enhancement in metal nanoparticle assemblies 1−5 allows to engineer the coupling between the excitonic resonance of a quantum emitter (QE) and the collective motion of the metallic electrons, i.e. the plasmons. During the past decade, the study of the interaction between light and these hybrid structures turned into an active field of research 6−25 owing to its fundamental interest and similarity with cavity quantum electrodynamics, 13, 19 and due to the vast range of possible applications such as sensing, 26 single photon emitters for information technology, 27, 28 and active devices. 29−32 With increasing plasmon−exciton coupling strength, when the excitation energy of the emitter is tuned across the plasmon resonance, the Fano profiles in the scattering cross section evolve into the spectral features of avoided crossings 13, 14, 19, 20 with well-resolved mixed states, so-called plexcitons. 21−23 As demonstrated in recent experiments, 23 the near-field enhancement in the junction between nanoparticles 3−5,33 might lead in this system to the strong plasmon−exciton coupling with large Rabi splitting of the issuing plexcitonic states. On the theoretical side, classical and quantum calculations for a QE placed in the middle of the junction of a plasmonic dimer show that the hybrid structure undergoes dramatic changes in the absorption cross section as compared to individual components. [12] [13] [14] [15] 23 Thus, the electromagnetic coupling between the QE and the plasmonic nanoparticles has been tackled both theoretically and experimentally leading to the advanced understanding of the underlying phenomena. However, much less is known on the role of the direct electronic coupling between the QE and the plasmonic nanoparticle. This is while the excited electronic states localized at an atom, a molecule, or a quantum dot (acting as an emitter) placed close enough to the surface of plasmonic nanoparticle a priori hybridize with the continuum of the electronic states of the metal. 34 Such coupling to the substrate affects the lifetimes of the excited states at surfaces and, for example, can modify the dynamics of the associated photochemical reactions. 35, 36 It might also reduce the sensing efficiency as we discuss below. The subject of quantum effects becomes particularly timely because of the advances in nanofabrication and manipulation techniques. 23,37−40 In a controllable way, the hybrid nanostructures can be produced with very short separation distances where quantum tunneling and nonlocal screening start to be important in the optical response. Along with offering new opportunities, this technological progress rises new challenges for the theoretical descriptions since conventional classical electrodynamics approaches might be unappropriate. Thus, recent calculations 41−44 and experiments 45, 46 show that quantum electron tunneling through the narrow junction strongly modifies the near fields and optical response of the plasmonic dimer. When a QE is located in the tunneling junction, the situation becomes even more complex, and the effect of electron tunneling involving the emitter localized states can strongly affect the response of the whole hybrid system.
In this work, we study the effect of quantum tunneling in the plasmon−exciton hybridization 6 and thus in the optical response for the canonical case of a QE placed in the junction of plasmonic dimer. When the QE is close to the surface of the metallic nanoparticle, the lifetime of the exciton decreases because of an additional decay channel via energy−conserving resonant electron transfer (RET) of the excited electron into the metal. This effect is different from the classical quenching of an emitter's fluorescence close to a metallic surface where the exciton decays into electron−hole pairs via intermediate excitation of a surface plasmon. We show that as a result of RET, for certain conditions and separation distances (typically below 0.6 nm) the signature of the QE in the absorption spectrum can disappear. In particular, in the case of the strong coupling studied here the plexcitonic states are quenched, 14 and the optical response of the system approaches that of isolated plasmonic dimer. The excited state decay via RET thus sets the lower bound for the distances from the surface where a QE can be detected. In a more general context, our study illustrates the importance of the coupling to the substrate and the resulting reduction of the lifetime of excited electronic states as a limiting factor for photoinduced processes at surfaces. Therefore, our results impact a variety of fields in nanooptics dealing with localized states in the proximity of plasmonic nanoparticles, such as in sensing, catalysis, quantum information, or in active nanooptics involving photochemical processes.
Quantum and Classical Results for a Model System. Our model system is illustrated in Figure 1 . Two metallic nanospheres of radii R cl are separated by a junction of width S. The QE is located on the interparticle x-axis at a distance d measured with respect to the center of the junction. Because we are interested in the effect of the RET between QE and metal nanoparticle(s), and in particular on the modification of the plexcitonic modes in the strong coupling regime, the widths of the junction S considered here are typically below 2 nm.
However, we keep S large enough so that the direct tunneling between metallic nanoparticles is negligible. 41−44 For such a geometry, besides the RET addressed in this paper, the nonlocal screening can be important. 47−50 The following strategy is then applied.
(1) Using the full quantum time dependent density functional theory (TDDFT) calculations, 51, 52 we study the plexcitonic coupling in a small hybrid nanostructure in the situation where the RET between QE and nanoparticles is not allowed. The TDDFT results serve as a benchmark to access the importance of the effects due to nonlocal screening. We find that these are small and show that the classical local electromagnetic approach provides a correct description of the optical response. Computational effort associated with TDDFT imposes to consider a model plasmonic dimer of small (R cl = 2 nm) sodium nanoparticles and to limit the range of the variation of parameters of the system.
(2) Once validated, the classical approach is then applied to study the plasmon−exciton coupling in the system of practical interest; a QE placed in the junction of an Ag plasmonic dimer with R cl = 8 nm. 13, 14 Extended calculations of the absorption cross-section are implemented to elucidate the effect of the RET between QE and metal nanoparticles. To this end, the RET is accounted for semiclassically via the self-energy of the excited state, and the evolution of the plexcitonic modes of the system is followed as function of the S and d parameters controlling the separation between the QE and metal surfaces across the junction.
As explained above, we start with the comparison of the quantum and classical treatments for the small hybrid nanostructure in the absence of RET. Within the TDDFT approach, the two identical metal nanoparticles are described with the spherical jellium model (JM) where the ionic cores of the nanoparticle atoms are represented with uniform background charge density n + = (4πr s . We use the WignerSeitz radius r s equal to 4a 0 (Bohr radius a 0 = 0.053 nm) corresponding to Na metal which is a prototype system for the JM description. The radii of the metal spheres are large enough R cl = 2.17 nm to allow for well developed plasmonic modes. While JM lacks the chemical accuracy, it captures the main quantum mechanical effects in the dynamics of conduction electrons in large metal clusters 53−55 and provides a correct description of collective plasmonic modes for the dimers with narrow junctions in good agreement with recent experiments. [41] [42] [43] 45, 46 Details on the TDDFT calculations as employed here can be found elsewhere. 42 Below we only describe the main aspects important for the present study. The time evolution of the electronic density n(r,t) in response to the time-dependent excitation is calculated ab initio within the Kohn−Sham (KS) scheme of the TDDFT. 51, 52 We use the adiabatic local density approximation with the exchange-correlation functional of Gunnarson and Lundqvist. 56 Retardation effects are neglected due to the small size of the system. The field ε(t) created by the external perturbation and by the time-dependent charge density of the nanoparticles n(r,t) drives the excitation dynamics of the quantum emitter placed at the middle of the junction. Because of the symmetry we only consider the electric field component along the dimer axis. To separate the role of the nonlocal screening, the hybridization between the electronic states localized on the QE and on the plasmonic nanoparticles is not included at this stage of the study. Thus, the RET does not occur, and we will address its role within a semiclassical Figure 1 . Sketch of geometry of the nanoparticle dimer. Two spherical nanoparticles of radius R cl are separated by a junction of width S. The quantum emitter is placed at the dimer axis (x-axis) at a distance d measured from the center of the junction. approach in the next section. Following a widely used methodology, 57−59 the QE is then treated as a two level system. As we discuss in detail in the Supporting Information, in the linear response regime the density matrix approach is equivalent to the wave function based treatment with ground c g and excited state c e amplitudes evolving in time according to 
with initial conditions c g (t = 0) = 1 and c e (t = 0) = 0. In eq 1, Ω is the transition frequency from the ground (g) to excited (e) state, γ accounts for the population decay and eventual dephasing, and |c g (t)
2 | ∼ 1 and |c e (t)| 2 is the population of the ground and excited state, respectively. We use γ = 0.1 eV so that the TDDFT calculation can be converged within a reasonable time range below 100 fs. The transition dipole matrix elements are given by f(t) = e ̅ με(t), with e ̅ being the electron charge. For the discussion to be quantitative, we use μ = 0.2 nm typical for alkali atoms. 60, 61 The dipole moment created on the quantum emitter p = e ̅ 2μ Re[c g (t)*c e (t)] generates the potential acting back on the plasmonic dimer which sets the self-consistent scheme.
In Figure 2 , we show the waterfall plot and interpolated image of the absorption cross section σ(ω) of the hybrid nanostructure calculated with TDDFT (left panels). Results are shown as function of the frequency ω of the incoming xpolarized plane wave for different transition frequencies Ω of the QE placed at the center of a 1 nm wide junction. When Ω is far from the resonance with the bonding dipole plasmon (BDP) and the bonding quadrupole plasmon (BQP) modes of the dimer 33 at ω BQP = 3.2 eV and ω BDP = 2.8 eV, the optical response of the hybrid nanostructure is characterized by wellseparated resonant features. Resonance at Ω is due to the excitation of the QE. The higher frequency part of σ(ω) is close to that of the isolated dimer and reflects the excitation of the BDP and higher plasmonic modes. As the transition frequency Ω is tuned into the resonance with BDP, the exciton and BDP hybridize into the plexitonic states with large Rabi splitting.
12−15,23 The spectral structure of avoided crossing is particularly well seen in the lower left panel of Figure 2 , and it is characteristic for the strong coupling regime attained here because of the field enhancement in the junction.
Note that in the strong coupling regime the decay rate γ of the QE has little effect on the avoided crossing structure, as far as γ is small. Indeed, when the QE exciton is resonant with the BDP of the dimer, Ω = ω BDP , the complex frequencies of the plexcitonic states can be estimated from the two state model 13 which gives
1/2 , where V is the BDP-exciton coupling rate. In our system, the width of the BDP γ BDP = 0.22 eV is at least twice larger than the decay rate γ used for the QE, and the analysis of the results shows that the coupling strength V ≃ 0.3 eV. Thus, this is primarily the large coupling strength V that sets Ω + and Ω − . We further discuss these issues in the Supporting Information. The two-state model predicts equal widths of the plexcitonic modes at Ω = ω BDP , which is only approximately verified by the present results because of the coupling to the BQP and higher order modes.
14 For Ω ≥ 3.5 eV above the BQP of the dimer, the absorption spectrum shows the lowerfrequency branch, but the high-frequency structure associated with excitonic transition is absent. This is consistent with the small fields in the junction of an isolated dimer as we calculate for the frequency of external field well above BDP and BQP resonances. Thus, in the hybrid QE−dimer nanostructure the excitation of the QE becomes too small to give a visible signature in the spectra.
Along with TDDFT data we also show in Figure 2 (right panel) the absorption cross section calculated with quasi-static local classical approach similar to the one reported in ref 12. The metallic nanospheres are modeled with Drude permittivity ε(ω) = 1 − ω p 2 /ω(ω + iη). The plasma frequency ω p = 5.16 eV and attenuation η = 0.22 eV are set such that for the isolated dimer classical results for σ(ω) match the results from the TDDFT calculations. 42 The QE is modeled as a point polarizable object with frequency dependent polarizability: α(ω) = 2Ωμ 2 /ℏ(Ω 2 − ω 2 − iγω). It follows from Figure 2 that the TDDFT results are well reproduced with the local classical calculations. The remaining minor differences between the two approaches are primarily due to the quantum finite size effects in the plasmonic dimer. These can not be captured with a classical model and are present already without the interaction with the QE. In particular, the coupling of the plasmon mode to the electron−hole pair excitations 44, 54, 55 leads to the structures in the BQP peak. The overall good quantum-classical correspondence in the studied model system shows that the nonlocal screening effects are small. It is noteworthy that because of the smallness of the nonlocal effects the classical theory should be also adequate in the perturbative weak coupling regime where the QE induces a narrow Fano profile in the absorption cross-section of the hybrid nanostructure.
13,14
The above results allow us to use the classical approach for the description of the RET between a QE and a plasmonic nanoparticle in a more realistic system and for a wide range of geometries, which would be out of reach within TDDFT calculations.
Tunneling of the Excited Electron into Plasmonic Nanoparticle. In the proximity of the metal surface, excited electronic states localized on a QE (quantum dot, molecule, or atom) can decay via electron tunneling into the metal bulk. 6 This process of RET, particularly well studied in the context of the projectile-surface charge transfer, 62−64 and in the timeresolved two-photon-photoemission (TR-2PPE) from absorbed species 35 ,65−67 is schematically represented in Figure 3a . An electron promoted from the ground state (g) into the excited state (e) via photon absorption, tunnels through the potential barrier between the QE and the metal and escapes into the continuum of propagating electronic states of the metal bulk above the Fermi level. 35 Because of the discrete statecontinuum coupling, the excited state appears as a resonance in the electronic structure of the interacting system with a width given by the RET rate Γ(L), for a given distance L between the QE and the metal suface. Because of the higher binding energy, the ground state is much less coupled to the metal and can still be considered as stationary for the L distance range of interest here.
The above discussion is further supported by the results shown in Figure 3b for a Na atom in front of the free electron metal surface. The RET rates for the (3s) ground state and excited (3p x ) state oriented perpendicular to the surface are shown as function of the atom−surface distance L. With decreasing L the tunneling barrier between the atom and the metal narrows, so that Γ(L) grows as Γ(L) ≈ Γ 0 exp(−L/L 0 ). Observe that in overall the RET rate of the 3p x state is much larger than that of the 3s ground state, where the latter is characterized by a smaller L 0 parameter because of the higher wave function localization. The decay rates shown in Figure 3b were obtained in full quantum calculations 63, 64 and allow for a quantitative description of the charge transfer in ion beam scattering at surfaces as well as of the TR-2PPE data.
62,64,67
Thus, we made a choice of using typical parameters calculated for alkali atoms to set the realistic distance ranges where the tunneling process can affect the plasmon−exciton coupling (the optical response of the hybrid nanostructure). Below in this paper, we discuss the robustness of our conclusions with respect to the exact nature of the QE.
To reveal the role of the RET we consider the hybrid nanostructure, where the model QE placed in the junction between R cl = 8 nm spherical silver nanoparticles. This geometry and material choice allows for direct comparison with earlier studies in similar systems. 13, 14 In Figure 4 , we show the results of classical calculations of the absorption cross section performed with and without account for the excitedstate decay via RET into the metal nanoparticle(s). The Ag nanoparticles are described with a frequency-dependent Johnson and Christy dielectric function. 68 The polarizability of the model QE is given by
where we use typical values of μ = 0.3 nm and γ = 50 meV, as reported in the literature for J-aggregates. 12, 13, 21, 23, 31 Since the curvature radii of plasmonic nanoparticles are much larger than the distances between the QE and metal surface where the RET is important, the RET rate can be calculated within the flat surface approximation:
where Γ(L) is the distance dependent decay rate of the 3p x state as shown in Figure 3b . With Γ RET = 0, one retrieves the conventional approach without account for electron tunneling. The QE excitation frequency Ω = 3.45 eV is set close to the frequency of the dimer BDP so that the plexcitonic states are well resolved in the absorption cross section. The upper panels of Figure 4 correspond to the situation where the QE is placed at the middle of the junction, and the junction width is progressively reduced from 2 to 0.9 nm. Lower panels correspond to the fixed junction width of 2 nm and the QE is progressively moved along the dimer axis from the center of the junction toward one of the nanospheres. In all cases, the junction width S is such that the direct tunneling between plasmonic nanoparticles is negligible. 42 Figure 3. (a) Sketch of the excitation quenching via RET between a QE and a metal nanoparticle. The effective potential "seen" by the active electron is shown along the x-axis perpendicular to the metal surface and passing through the QE center. Blue arrow indicates the photon absorption producing an electronic excitation from the ground (g) to the excited (e) electronic state localized in the QE potential well. The red dashed arrow indicates the tunneling of the excited electron through the potential barrier between the QE and the metal. Equivalently, it corresponds to the RET of the excited electron from the discrete state (e) of the QE into continuum of unoccupied electronic states of the metal above Fermi level E f . b) The rates of the one electron tunneling between the Na atom and the free−elctron metal surface. Results are shown as function of the atom-surface distance for the ground state (3s) and excited state (3p x ) oriented perpendicular to the nanoparticle surface.
When the QE is placed in the middle of the junction, the system is in the strong plasmon−exciton coupling regime with large Rabi splitting of plexcitonic states. 13, 14 Similar results have been reported in recent experiments. 23 Despite the work of Schalter et al 23 has been performed for an individual metallic dimer surrounded by a layer of J-aggregates, the authors demonstrate the decisive role of the molecules located in the junction and thus subjected to the strong plasmonic field enhancement. In our calculations shown in the right panels of Figure 4 , that is, neglecting the RET into the metal, two plexciton modes are always distinguishable for the variation of the system geometry as considered in the present work. Thus, maintaining the QE at the middle of the junction and reducing the junction width S (upper panel) leads to an overall red shift of the modes and even larger Rabi splitting reflecting the increasing plasmon−exciton coupling. This is because reducing S results in a stronger attractive interaction of the plasmon induced charges across the junction, and in a larger field enhancement at the position of the QE. [3] [4] [5] 33 When the junction width S is fixed, and the QE is moved toward one of the nanospheres (lower panels), the results vary only little for 0 ≤ d ≤ 0.2 nm. Indeed, for fixed S, the interaction between plasmon induced charges across the junction does not change, and because the plasmon induced fields are rather homogeneous along the dimer axis, the plasmon−exciton coupling does not change either. Further increase in d breaks the symmetry of the system and favors the interaction between the point dipole and the closest nanosphere. The lower frequency plexcitonic branch with more exciton character shifts to lower frequencies. Simultaneously, the upper branch evolves into the BDP peak of the dimer.
As follows from Figure 4 (left panels), accounting for the quantum tunneling from the excited state into the metal leads to qualitatively different results. Typically, when the separation between the QE and either of the metal surfaces across the junction reaches the threshold value L th ≈ 0.6 nm, the lowest frequency plexciton branch with dominant exciton character quickly broadens and looses its intensity. The upper frequency plexciton branch evolves into the BDP resonance, and the entire absorption spectrum approaches that of the isolated Ag dimer. The plexcitonic states are thus destroyed at QE−metal surface separations corresponding to the threshold RET rate Γ RET th such that the total exciton line width γ + Γ RET th ≃ 0.3 eV, that is, of the order of magnitude of the Rabi splitting Ω R between the plexciton frequencies. Indeed, in order to see the complete oscillation with excitation exchange between plasmon and exciton in time domain, 25 one needs that the latter is preserved on the corresponding time scale given by the 2π/ Ω R . 13 It is noteworthy that for γ within some tens of millielectronvolts range, its precise value has little effect on L th . The latter is mainly determined by the RET rate Γ RET (L), which grows exponentially with decreasing L, and reaches the values in the electronvolts range when the QE is close to the nanoparticle surface. As a summary of the results presented in Figure 4 , the decay of the excited state via an electron tunneling into the metal bulk profoundly modifies the absorption spectra of the hybrid nanostructure comprising the QE and the plasmonic dimer. When the potential barrier separating the QE from the metal nanoparticle becomes low enough only the plasmon resonances due to metal nanoparticle(s) are observed.
It is interesting to compare (i) the RET mechanism of the total quenching of the excited state discussed here and active for the QE distances from the metal surface below typically 0.6 nm with (ii) the quenching of excited state fluorescence found in the classical calculations for QE distances from the metal surface below typically 2 nm. In case (ii), the nonradiative decay dominates the excited state dynamics. Because of the electromagnetic coupling the energy is transferred to plasmon excitations with their subsequent decay into the electron−hole pairs. The QE still appears in the optical absorption spectrum through the Fano resonance or plexciton splitting as in the present study. In case (i) when the RET is fast, the excitation of the QE quickly decays because of the electronic coupling between the QE localized excited electronic states and the continuum of the electronic states of the nearby metal. The excited electronic state of the QE merges into the continuum of the bulk electronic states, and the quantum emitter related features disappear not only in the fluorescence but in the optical absorption. While plasmonic quenching of fluorescence has been addressed successfully involving classical electromagnetic interactions, 39, 40, 69, 70 the RET mechanism requires a quantum mechanical calculation of the electronic hybridization between the QE and the metal. Several comments are in order regarding the model description used in this work and the generality of the results. Despite present calculations that have been performed with a model QE using RET rates as calculated for a Na atom, the qualitative results are robust and are caused by universal quantum mechanical phenomena such as electron tunneling. Indeed, any atomic or molecular specie brought close enough to the metal surface couples to the continuum of propagating electronic states of the conduction band. 6,35,62,65−67 To this regard, the exciton decay via electron tunneling 6, 35 reflects coupling between localized and continuum electronic states, and it is of the same nature as, for example, the excited state broadening effects in surface-enhanced Raman scattering 71, 72 and electron transport through molecular junctions. 73 The coupling strength depends on the particular system, however, the values of the RET rates used here are typical for the atomic and molecular species interacting with metal surfaces as confirmed in a vast number of experimental and theoretical studies. 35,62,65−67 This said, the decay rate may be reduced for extended excitonic systems, where an electron spends a long time inside the system before attempting to cross the potential barrier into the metal. Finally, we have neglected the excitedstate population relaxation linked with many body interactions at surfaces such as electron−electron scattering. It has been shown however that many-body relaxation channels are much less efficient than one electron processes. 67 All the above sets strong confidence on the generality of the results presented here.
Conclusions. In conclusion, we have studied the effect of the resonant electron tunneling on the optical response of the hybrid nanostructure consisting of a QE and a metallic nanoantenna. Our results demonstrate that when the distance between the QE and the metal surface of plasmonic nanoparticle(s) is below typically 0.6 nm, the QE localized excited electronic states become short lived because of the RET of the excited electron into the metal bulk. As a result, the signature of the QE in the optical absorption spectrum disappears. For the QE in the gap of a plasmonic dimer addressed in the present study and characterized by the strong plasmon−exciton coupling, the plexcitonic states are destroyed and the absorption spectrum of the hybrid nanostructure is close to that of the individual plasmonic dimer. For the case of weak coupling, a large resonance width of the QE would lead to the disappearance of the Fano profile in the optical absorption spectrum as can be inferred from the analysis reported in ref 14 . Thus, in addition to the well studied fluorescence quenching occurring for distances between the QE and metal nanoparticle of a few nanometers (due to the transfer of the excitation to plasmons with the subsequent decay to electron−hole pairs), 39, 40, 69, 70 we have shown that the signature of QE can be erased also in the optical absorption spectra because of the direct escape of the excited electron via quantum tunneling into the metal. The mechanism discussed here is general and involves the RET between the QE and the nanoparticle(s). The RET does not require a particular dimer geometry and it is effective even for individual plasmonic nanoparticles or for wide junctions. It thus sets the limits for the hybrid nanostructure geometry allowing for the observation of the plexciton states, and more generally for the observation of the spectral features due to the QE. For the layered structures comprising plasmonic nanoparticles and molecular materials or quantum dots, our results imply that the quantum emitters closest to the metal surface might have no effect on the optical response. Since the rates of the RET grow exponentially with decreasing QE−metal surface distance, typically reaching the range of electronvolts for adsorption distances, 35 ,62,67 the phenomena described here should be considered in many applications of nanooptics involving electronically excited states.
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